The guidance information that is available to the UAV operator typically suffers from limitations of data update rate and system latency. Even when using a flight director command display, the manual control task is considerably more difficult compared to piloting a manned aircraft. Results from earlier research into perspective guidance displays show that these displays provide performance benefits and suggest a reduction of the negative effects of system latency. The current study has shown that in case of limitations of data update rate and system latency the use of a conformal sensor overlay showing a perspective presentation of the trajectory constraints is consistently superior to the flight director command display. The superiority becomes more pronounced with an increase in data latency and a decrease in update rate. The fact that the perspective pathway overlay as used in this study can be implemented on any graphics system that is capable of rendering a set of 2-D vectors makes it a viable candidate for upgrades to current systems.
INTRODUCTION
For the manual control of the flight path of Unmanned Aerial Vehicles (UAVs), the instruments provided in a UAV Control Station (UCS) are similar to those found in the cockpit of an aircraft. Typically the out-of-the-window view is represented by a forward looking camera and a plan-view display containing an electronic map is used for navigational conformance monitoring. Obviously, the richness of the visual-, motion-and auditory cues that is available to the pilot of a manned aircraft is not available to the UAV operator. In addition, the information that is available to the UAV operator typically suffers from low update rates and resolution, caused by sensor and data link bandwidth limitations. Furthermore, compared to manned aircraft, the data presented by the instruments in the UCS is subjected to an increased latency due to the (digital) data link. Even when using a flight director (FD) command display, the manual control task is considerably more difficult compared to piloting a manned aircraft. This paper explores the potential of an alternative guidance display concept because it is expected that it will allow better tracking performance with reduced control activity.
BACKGROUND
In 1978 NASA conducted a research program on developing landing techniques with which a pilot could consistently and safely land a remotely piloted research vehicle 3 . This study concluded that making remote landings from steep approaches using television required extremely high pilot workload. Operator experiences with current generation UAV systems also indicate that the manual landing task is extremely difficult 6, 7 . Consequently, available information on United States Air Force class A aerospace mishaps indicates skill-based human error in manual control as a contributing factor in several mishaps in UAV operations 10 . Reported problems comprise difficulties in controlling aircraft glide path, sink rate, aim point, and airspeed on short final, as well as difficulties to correct unstable short final approaches. A reduction in these control related accidents might be achieved through the improvement of path tracking performance.
In the past twenty-five years, several studies have demonstrated that a well designed perspective guidance display format allows pilots to achieve a better path tracking performance with lower control activity than an FD command display. In general, the differences in performance between the two concepts become more pronounced with an increase in trajectory complexity. Hence, one might expect that for UAV manual control, the presentation of the future trajectory provided by a perspective guidance display can contribute to increased path tracking performance.
However, there is a second reason to consider the use of an integrated perspective display. In Filarsky and Hoover 2 , a socalled highway-in-the-sky (perspective) display format was compared to a conventional FD format. Both systems suffered from the same system latency, but pilot comments suggested that the effects were not so noticeable with the perspective display format. This suggests that in case of system latency, pilots may perform better using a perspective presentation of the future trajectory than an FD. If this is indeed the case, this finding is of particular importance for the manual control of UAVs.
The generation of a basic perspective pathway overlay can be performed without any dedicated 3-D graphics hardware and is well within the capabilities of today's UCSs. The goal of the present study is therefore to investigate whether the finding regarding the reduced prominence of control loop latency resulting from perspective display concepts can be replicated for a high precision path tracking task for a system with vehicle dynamics typical for a UAV over a range of data latencies and update rates.
EXPERIMENTAL DESIGN
To investigate whether the finding regarding the reduced prominence of control loop latency resulting from perspective display concepts can be replicated for a high precision path tracking task for a system with vehicle dynamics typical for a UAV over a range of data latencies and update rates, an experiment has been conducted. In this experiment a baseline representative for the current state-of-the-art UCS instrumentation is compared with a concept that includes conformally integrated trajectory preview into the sensor video and filtering of down-linked position data. This section describes the method followed for this evaluation.
Simulation environment
The UCS simulation environment shown in Figure 1 is located at the Royal Netherlands Naval College (RNLNC) in Den Helder. It has been developed during our research in this field 4 . Previously, it has been used for UAV mission management research on intermediate-and outer-loop control, i.e., operator interaction with the autopilot in terms of heading, speed and altitude adjustments and the repositioning of waypoints. Due to the nature of the connection between UCS and UAV, time delay of control signals (operator input) and feedback signals (telemetry information and video imagery) exist. Additionally limitations in available data link bandwidth and sensor characteristics impose restrictions to signal sample rate and sample size, i.e., quantizing resolution and quantizing range (e.g. field of view of imaging sensors). These limiting factors cause temporal and spatial uncertainty in the system state that is presented to the operator and thus hamper the ability of identifying and solving potential problems or conflicts, especially when performing higher bandwidth (inner-loop) control. To support the inner-loop control study presented in this paper, the UCS simulator was extended with the capability to systematically vary sensor and data link properties and the possibility to use data-filtering on incoming position data 5 . Figure 3 provides an overview of the required components.
During the experiment, participants used the head-level display and stick and throttle on the left side of the simulator ( Figure 2) . The head-level display presented simulated video imagery from the UAV's fixed, nose-mounted camera, along with head-up display (HUD) guidance symbology. The simulated imagery was created from a realistic database model of the area surrounding the Reno/Tahoe International Airport, Nevada. 
Independent variables
The study addresses three independent variables:
• HUD instrument concept;
• control loop delay, comprising of data uplink delay, data downlink delay and video link delay ( Figure 3 );
• position data update rate.
The different UAV HUD configurations implemented in the UCS simulator are shown in figures 4-7. Figures 4 and 6 represent the baseline situation I 1 , in which the video imagery is augmented with conventional HUD elements providing information on the aircraft's heading, speed, altitude and attitude, as well as a flight path marker to represent the direction of the velocity vector. FD command bars provide the ('follow-the-needle') guidance cues along the reference flight path. Figures 5 and 7 represent the HUD configuration I 2 , in which conformally integrated trajectory preview and extrapolation of low update rate position data were implemented 8 . As can be observed from these figures, the perspective pathway is rendered by means of a wireframe representation. All required transformations, the perspective projection and the clipping are performed in software. Consequently, the overlay concept can be implemented on any graphics system that is capable of rendering 2-D vectors.
In both conditions, the simulated video imagery represents a fixed, nose mounted camera. Field of view, location and direction of the camera were not varied throughout the experiment.
The delay values chosen for this study (Table 2) follow from an analysis of the different sources of time delay, in which the total roundtrip signal delay for UAV control is estimated to be between 100-1100 ms for line of sight (LOS) connections 9 . The minimal value of this estimate represents a symmetrical link in which both up-and downlink contribute about 50 ms of delay, caused mainly by transceiver electronics. The maximum value includes encryption, error correction and the presence of a Ground Data Terminal (GDT), as well as an additional 375 ms delay in the video channel due to compression and decompression of the digital video.
The chosen parameter settings for the independent variables are given in Table 1 -3. The resulting condition matrix is given in Table 4 . (Fig. 4,6 ) I 2 Perspective trajectory preview + predictor, filtered position data (Fig. 5,7 ) 
Task and dependent variables
The task of the pilot was to track a complex, continuous descending approach trajectory and enter the runway as required for safe and smooth landing. Desired speed was 150 kts and constant throughout the flight. The approach was flown in conditions of moderate wind and turbulence to increase realism and to demand continuous pilot control input. A single flight lasted about 5 minutes.
Task performance and associated workload were rated using the following measures:
• pilot rated handling qualities using the Cooper-Harper Rating (CHR) system 1 ;
• RMS tracking errors;
• position of the vehicle and the direction of its velocity when crossing the runway threshold;
• RMS stick deflections, i.e., control effort.
Figures 8 and 9 depict the approach trajectory that was used in the evaluation. 
Procedure
A total of 6 naval helicopter pilots from the Royal Netherlands Navy search and rescue squadron VGSQ 7 participated in the experiment. Participating pilots were first briefed on the task, the distinctive elements of the two display concepts and the CHR scale. Subsequently, flight preparation involved practice in the simulator to establish pilot confidence with the execution of the task for both display concepts and different data link settings. During these practice trials participants were informed on the data link parameter settings and encouraged to try out different control strategies to contribute to their comprehension of the control dynamics. On average, each participant needed roughly 30-45 minutes of practice time, performing 5 to 6 practice trials.
In the registered data trials, the participants flew each of the eight conditions given in Table 4 at least once. The decision to perform a second trial was based on the results of the first trial and available time. On average each participant performed 12 data trials. During the registered data trials participants were not informed on the data link settings, to not influence their opinion and comments.
Pilot comments were recorded on a questionnaire immediately following each trial. The completion of the questionnaire required a pilot rating using the CHR system and allowed for general comments about the experienced "feel of the system".
RESULTS AND DISCUSSION
This section discusses both the subjective pilot rated handling qualities and the objective measures retrieved from the registered data. Tracking performance was determined by the position errors relative to the commanded approach path. Whether or not the approach was successful, was judged on the state of the aircraft (position and direction of the velocity vector) in the vertical plane located at the runway threshold. Control effort was determined by an analysis of the pilot's control input actions. Figure 10 summarizes the pilot CHR for each condition. Especially for the higher latency conditions considerable dispersion exists between pilot opinions on the evaluated conditions. For instance, pilot ratings for condition τ 2 Τ 1 I 1 range from fair level 1 (CHR 3) handling qualities to uncontrollable (CHR 10). Remarkably, in the cases described by pilots as being uncontrollable, control was not lost at any point of the approach and performance even met the requirements for a successful approach.
Pilot opinion
t2T1I1, N=12 t2T1I2, N=7 t1T2I1, N=12 t1T2I2, N=7 t2T2I1, N=10 t2T2I2, N=10 t1T1I1, N=6 t1T1I2, N=6 Nevertheless, on average the data does indicate the following:
• increasing the position sampling period from T 1 to T 2 results in less distinct handling qualities degradation than increasing the latency condition from τ 1 to τ 2 ; • link latency condition τ 2 results in a reduction of the handling qualities from level 1 to level 2 or 3 for both instrument conditions; • for link conditions τ 1 Τ 1 , τ 1 Τ 2 and τ 2 Τ 2 , pilot opinions state that instrument condition I 2 provides improved handling qualities over I 1 .
Taking into account the dispersion in pilot ratings, instrument condition I 2 provides an improvement of the handling qualities for link condition τ 2 Τ 2 from a borderline level 2-3 (I 1 ), towards a borderline level 1-2. For link condition τ 2 Τ 1 pilot ratings suggest borderline level 2-3 performance for both instrument conditions.
Additional remarks from the pilots affirmed that the evaluated control loop delays generally cause overcompensation. If the pilots succeeded in keeping tracking errors small, the high latency, low update rate conditions could be kept controllable but these cases did possess noticeably less margin for error. Additionally, pilots indicated that deficiencies were more noticeable and disturbing on short final than during earlier parts of the approach. This was especially the case if the evaluated condition parameters resulted in considerable asynchrony between the synthetic guidance overlay and the video imagery, causing discrepancies in the cues used for control. In some cases, it was pointed out that the explicitly depicted aiming point of instrument condition I 1 was favorable in the final approach phase. Finally, pilots indicated that the perspective representation of the commanded flight trajectory contributed to the predictability and allowed anticipatory control strategies, causing less overcompensation and making the negative effects of the link delays less severe.
Tracking performance
Figures 11 and 12 summarize the RMS values of the cross track error (XTE) and the vertical track error (VTE) along the approach path. On average, this data indicates that:
• increasing the position sampling period from T 1 to T 2 results in less distinct tracking performance degradation than increasing the latency condition from τ 1 to τ 2 ; • higher delays result in larger position errors and thus reduced tracking accuracy;
• the negative effects of low update rate position data seem more distinct for the control of the lateral motion;
• for all link conditions, instrument condition I 2 results in smaller lateral and longitudinal position errors than instrument condition I 1 during the approach phase, expressing more accurate tracking and thus higher tracking performance.
Additionally, for all link conditions, instrument condition I 2 results in a smaller dispersion of the position errors than instrument condition I 1 during the approach phase, expressing a more consistent tracking performance.
Finally, the data also suggests the possible performance gains resulting from instrument condition I 2 are larger when link conditions are worse. 
Final approach performance
An indication of the ability to successfully complete the landing is the position of the vehicle and the direction of its velocity when crossing the threshold. If the lateral position error at the threshold exceeds 15 meters or the track angle error (TAE) exceeds 5 degrees, the approach was rated as a missed approach. Figure 13 shows the ratio of missed approaches. This data, indicates that:
• missed approaches only occurred for delay condition τ 2 , suggesting an increase of the position sampling period from T 1 to T 2 results in less distinct final approach performance degradation than an increase of the latency from condition τ 1 to τ 2 ; • the missed approach occurrence for instrument condition I 2 is smaller than that of instrument condition I 1 , suggesting higher final approach performance for instrument condition I 2 ;
For the approaches considered successful, no evident trend for position errors at threshold could be observed (Figure 14) . Comparing track angle errors (Figure 15 ), data indicates that for instrument condition I 2 vehicle direction was better aligned with the runway centerline, expressing increased final approach performance. 
Control effort
Figures 16 and 17 present the data of roll and pitch control effort. The data, on average suggests that:
• increasing the position sampling period from T 1 to T 2 results in less distinct increase of control effort than increasing the latency condition from τ 1 to τ 2 ; • the higher latency condition τ 2 results in a higher level of applied control effort;
• instrument condition I 2 results in lower levels of applied roll control effort.
Finally, taking into account approach tracking performance, final approach performance and the corresponding control effort, data suggests the potential performance gains resulting from instrument condition I 2 , are not accompanied by a considerable amount of increased control effort. 
SUMMARY AND CONCLUSIONS
Results from earlier research into perspective guidance displays show a performance benefit of these displays which becomes more pronounced when the complexity of the trajectory increases. The results from an early study into perspective guidance displays also suggest that as a side effect, a perspective display makes system latency less noticeable. The current study has shown that in case of limitations of data update rate and system latency the perspective guidance display is, in terms of precision tracking performance and required control effort, consistently superior to the FD command display. The superiority becomes more pronounced with an increase in data latency and a decrease in update rate. The fact that the perspective pathway overlay as used in this study can be implemented on any graphics system that is capable of rendering a set of 2-D vectors makes it a viable candidate for upgrades to current systems.
